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The saliency map is a computational model and has been constructed for simulating human saliency pro-
cessing, e.g. pop-out target detection (e.g. Itti & Koch, 2000). In this study the spatial structure on the sal-
iency map was investigated. It is proposed that the saliency map is structured into processing units
whose size is increasing with retinal eccentricity. In two experiments the distance between a target in
the stimulus and an irrelevant structure in the mask was varied systematically. Our ﬁndings had two
main points. Firstly, in texture segmentation tasks the saliency signals from two texture irregularities
interfere, when these irregularities appear within a critical spatial distance. Second, the critical distances
increase with target eccentricity. The eccentricity-dependent critical distances can be interpreted as
crowding effects. It is assumed that additionally to the target eccentricity, also the strength of a saliency
signal can determine the spatial area of its impairing inﬂuence.
 2010 Elsevier Ltd. All rights reserved.1. Introduction
The detection of pop-out targets can be described by the com-
putational model of the saliency map as proposed by Itti, Koch
and Niebur (1998); Itti and Koch (2000); adapted from Koch and
Ullman (1985). The saliency map is two-dimensional and simu-
lates human saliency processing. It receives information from sev-
eral subordinate feature maps that are specialized on basic feature
processing (e.g. intensity, color, or orientation). Each feature-con-
trast is computed on a speciﬁc feature map. The output of all fea-
ture maps then is compiled linearly to the unique saliency map.
On the saliency map the conspicuity of all locations is represented,
but feature information is completely lost. Concerning the spatial
structure on the saliency map, a certain localized inhibitory spread
is assumed by Itti and Koch (2000), as the conspicuous locations of
a visual scene are identiﬁed by a ‘winner-take-all’ mechanism that
probably operates akin to center-surround inhibition processes. In
this study we understand the localized inhibitory spread as spa-
tially limited processing units on the saliency map.
This texture segmentation study investigates the spatial struc-
ture on the saliency map. It is assumed that the saliency map is
structured into processing units that increase with retinal eccen-
tricity. This would correspond to the fact that receptive ﬁeld (RF)
size on the visual cortex increases with eccentricity (e.g. Dumoulinll rights reserved.
gen.de (U. Schade), cristina.& Wandell, 2008). It would also be in line with the proposal by
Meinecke (1989) that in texture segmentation the relevant sam-
pling units increase with eccentricity, presumably according to a
‘sunﬂower-heart-structure’ (Koenderink & van Doorn, 1978). This
study investigates the following three issues: First, does a task-
irrelevant texture gradient impair target detection, not only when
it is overlapping the target, but also when it appears several de-
grees away? Second, is the impairing inﬂuence limited to a critical
spatial distance around the target (critical distance)? Third, do the
critical distances increase with target eccentricity?
The issue of critical distances (or ‘critical spacing’) increasing
with eccentricity has been stressed frequently in the crowding lit-
erature (e.g. Petrov, Popple, & McKee, 2007). In crowding experi-
ments one or more task-irrelevant letter(s) can impair the
recognition of the target letter, even when the irrelevant letter(s)
appear several degrees away from the target (e.g. Huckauf & Heller,
2002). Around the target typically exists a spatially limited area of
inﬂuence (‘critical spacing’ or ‘critical distance’). It is commonly
agreed, however, that critical distances generally do not occur in
detection tasks (e.g. Petrov et al., 2007). Thus, according to the
crowding account, no eccentricity-dependent critical distances
should be observed in this study.
In texture segmentation experiments, however, it has been
shown that detection performance varies as a function of target
eccentricity (e.g. Gurnsey, Pearson, & Day, 1996; Kehrer, 1987;Mei-
necke, 1989; Yeshurun & Carrasco, 2000). As a possible explanation
Meinecke (1989) proposes that the relevant processing units are
structured in an eccentricity-dependent manner, perhaps
Fig. 1. (a) Stimulus texture with target. (b) Mask texture with irrelevant patch. (a and b) The number of elements has been reduced for better visualization of the texture
structure. For the same purpose the luminance contrast in this ﬁgure has been increased compared to the original stimuli.
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Doorn (1978). Meinecke’s (1989) assumption also corresponds to
the computational model by Kehrer (1997), see also Kehrer &
Meinecke, 2003. Thus, according to the texture segmentation
account, eccentricity-dependent critical distances should be
observed in this study.
Evidence for critical distance in a texture segmentation task has
been provided by Schade and Meinecke (2009). A task-irrelevant
texture irregularity in the mask modulated target detection, only
when it appeared within a critical distance around the target
(the target at ±9 of eccentricity). Already in 1976, Andriessen
and Bouma (1976) observed in a detection task that contrast
threshold increases when an oriented target line (at +12) is sur-
rounded by iso-oriented lines within a distance of 5, as compared
to larger distances.
This texture segmentation study shall investigate whether crit-
ical distances exist in a visual ﬁeld from 9 up to +9, and whether
these critical distances increase with target eccentricity.
Two experiments with different stimulus textures and different
presentation times were conducted. Ten target eccentricities from
0 up to ±91 were realized, one target eccentricity in one respective
condition. A task-irrelevant texture gradient (patch) was inserted
into the backward-mask. It is assumed that the processing units on
the saliency map are constituted by surround suppression processes.
Therefore the signals of the patch and the target should compete by
inhibition, if they fall into the identical processing unit, and target
detection should be impaired.
It was expected (1) that the patch modulates target detection,
even when it is not overlapping the target; (2) critical spatial dis-
tances exist around the target; (3) the critical distances increase
with target eccentricity. As simple detection presumably reﬂects
early saliency activities (e.g. Braun & Julesz, 1998; Levi, 2008;
Mounts, 2000), eccentricity-dependent critical distances would
indicate that the saliency map is structured in an inhomogeneous
manner, eventually according to a sunﬂower-heart-structure
(Koenderink & van Doorn, 1978).
In the following ‘patch’ refers to the task-irrelevant patch in the
mask, and ‘distance’ refers to the distance between the target in
the stimulus and the patch in the mask (as center-to-center sepa-
ration of target and patch).
2. Experiment 1
This experiment was designed to provide evidence for an
impairing inﬂuence of a spatially remote patch and for critical dis-
tances on target eccentricities at 0 up to ±9. It was further inves-
tigated whether critical distances increase with target eccentricity.1 The data from target position ±9 are already published by Schade and Meinecke
(2009).Stimuli were orientation textures. A target in the stimulus was
to be detected by orientation contrast (cf. Fig. 1). In each condition
one out of ten target eccentricities was realized (Conditions 0, 1,
2, 3, 4, 5, 6, 7, 8, and 9). A task-irrelevant patch was inserted
into the backward-mask in all conditions. The patch varied ran-
domly between 9 and +9 on 19 possible positions. Note that
the realizable extension of distances was not equal over all condi-
tions. In Condition 0 (foveal target) ten different distances (with a
maximum extension of 9) could be realized. In conditions with
peripheral targets, however, more different and larger distances
could be realized (e.g. in Condition 9, 19 different distances with
a maximum extension of 18).
2.1. Methods
2.1.1. Participants
Six female and twomale students were paid to participate or re-
ceived course credit. Ages were 20–37 years and mean age was
23.6 years.
2.1.2. Apparatus
The experiment was run on a Power Macintosh G4 computer,
with stimuli presented on an Iiyama HM 704 UTC monitor at
85 Hz (screen resolution of 1024  768 pixels). Stimulus presenta-
tion was controlled by a MATLAB program using the Psychophysics
Toolbox (Brainard, 1997; Pelli, 1997). Luminance was measured
with a Minolta luminance meter (model LS-110). Visual acuity
was tested by a Rodenstock R22 vision tester, stimulus No. 212. Par-
ticipants sat at a table on which a head- and chinrest was mounted.
Viewing distance was 450 mm, with the direction of gaze inclined
slightly downward. Participants responded to the stimuli by press-
ing one of two mouse buttons with the index ﬁnger of either hand.
2.1.3. Stimuli
The stimuli were displayed on a screen of 39.6  30.2
(324 mm  243 mm) and consisted of 3869 elements: 73 in the
horizontal direction and 53 in the vertical direction, subtending a
visual angle of 36.6  26.5 (953  693 pixels, see Fig. 1a). The ele-
ments were 45 tilted lines of 9 pixels length. The distance between
adjacent line elements was 13 pixels horizontally and vertically.
The target (1.5  1.5) was made up of 3  3 elements whose ori-
entation was orthogonal to that of context elements. Whereas the
vertical position of the target was held constant in the middle of
the stimulus (determined by the position of its central element),
its horizontal position was varied. In each condition, the target
could appear at one of two positions (one eccentricity in the left
or in the right part of the visual ﬁeld). The lines were black
(0.33 cd/m2), and the screen background was gray (30 cd/m2). A jit-
ter of two randomly displaced the position of each texture element
by zero, one, or two pixels (in horizontal and/or vertical direction).
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context and target lines forming x-like ﬁgures. The texture of the
mask version with no patch was homogenous. Nineteen mask ver-
sions contained a task-irrelevant patch that consisted of 3  3 ele-
ments (1.5  1.5), analogous to the target in the stimulus. The
elements of the patch were +-like ﬁgures, composed of two orthog-
onally superimposed lines, with a length of 9 pixels. The horizon-
tal–vertical pixel arrangement of the +-elements produced a
darker impression than the diagonal arrangement of the x-ﬁgures.
Thus, the impression of darkness of both elements was adjusted
by raising the luminance of the +-ﬁgures to 3.3 cd/m2. The position
of the patch in the mask varied on 19 eccentricities along the hori-
zontal meridian (0, ±1, ±2, ±3, ±4, ±5, ±6, ±7, ±8, ±9 of visual
angle). All other parameters were as those of the stimuli (see
Table 1).2.1.4. Procedure
All together, twenty sessions were administered, each lasting
approximately 50 min. In the ﬁrst training session all possible tar-
get positions, but only a homogenous mask could appear. In this
training session, in order to avoid ceiling or ﬂoor effects, the SOAs
of the stimuli were gradually reduced and adapted to the partici-
pant’s individual skills (criteria were: hit rate not higher than
85%, false alarms less than 10%) in the practice session; the hit rate
varied between 35% and 85%; the SOAs varied from 23.5 to 82.4 (cf.
Table 2). The SOAs were kept constant for each person throughout
the respective condition. The training data were not analyzed fur-
ther. In the following 19 experimental sessions, ten target eccen-
tricities (0, ±1, ±2, ±3, ±4, ±5, ±6, ±7, ±8, or ±9) were
realized block-wise, each encompassing two sessions (except tar-
get eccentricity 0). The sequence of the presented target positions
was permutated and balanced across subjects. Each target eccen-
tricity was tested in two subsequent sessions on two different
days. Each session started with two training blocks (80 trials), fol-Table 1
SOAs (ms) between stimulus and mask;
means and SDs in each condition.
Condition M SD
0 48.5 11.7
1 52.9 16.6
2 50.0 12.2
3 48.5 11.7
4 45.6 17.1
5 45.6 14.7
6 41.2 15.4
7 41.2 14.1
8 39.7 15.3
9 38.2 12.2
Table 2
In each condition goodness of ﬁt (R2) of
the inverted exponential ﬁt derived from
Eq. (1) on the hit rate as a function of
distance, averaged over participants.
Condition R2
0 .09
1 .48
2 .42
3 .67
4 .60
5 .67
6 .61
7 .71
8 .70
9 .69lowed by ﬁve experimental blocks. Each experimental block
started with ten randomly selected training trials followed by
160 experimental trials, 80 positive (target) and 80 negative
(non-target) trials. Each of the 20 backward-mask versions (19
mask versions with patch, and one mask version without patch)
appeared eight times. In positive trials the target appeared 40
times at each of the two possible retinal positions (on the left
and on the right side of the stimulus). The target could appear on
the right or left side with same chance to ensure that participants
maintain eye ﬁxation. All possible target-mask-combinations ap-
peared twice in experimental blocks, in practice blocks each com-
bination appeared only once. All trials within a block were
presented in random order. Each trial started with a small circle
(diameter of 11 pixels) displayed at the center of the screen
informing the participant that he or she could start the stimulus
display by simultaneously pressing both mouse buttons. The circle
was replaced by a ﬁxation point (2  2 pixels) and after 800 ms the
stimulus followed. The mask remained on the screen until the par-
ticipant responded by pressing either the left button (no target
present) or the right button (target present). A short, single acous-
tic click informed the participant that his or her response was cor-
rect; a short double click that she or he had made an error. Then
the circle was displayed on the screen again, indicating that a
new trial could be initiated. Participants were requested to main-
tain central eye ﬁxation, to respond quickly and to keep false
alarms at a minimum. They were instructed to give a ‘yes’ response
only when they were highly certain that the stimulus contained a
target. The purpose of this instruction was to keep individual dif-
ferences in criterion as low as possible. Since hit rates varied as a
function of the target distance within the respective condition, par-
ticipants could deﬁne their criterion only in relation to negative tri-
als (trials without a target). As proposed by Treisman and Watts
(1966; see, also, Neyman & Pearson, 1933), in such an experimen-
tal situation in which the signal strength varies within the experi-
mental condition, it makes sense to use only the false alarm rate as
instruction for the participants to set their criterion. Independent
variables were the eccentricity of the target position (0, ±1, ±2,
±3, ±4, ±5, ±6, ±7, ±8, ±9) and the distances between target
and patch. Dependent variables were hit rates and false alarm
rates. Reaction times were measured in order to identify and ex-
clude outlier trials from the statistical analysis.
2.2. Results and discussion
For each participant, all trials in which reaction time exceeded
the mean for that block by three standard deviations were dropped
from further analyses. For statistical analysis, data were averaged
over both sessions of the respective condition (except Condition
0, where only one session was necessary). If not commented
otherwise, for comparison of means T-tests for paired samples
(two-tailed) and ANOVA for repeated measures were calculated.
In order to measure the distance effects, the hit rate was recorded.
d0-values for distances could not be calculated since the false
alarms could not be attributed unambiguously to the absent left
or right target. Except in condition 0 where only one target posi-
tion is realized, the distances between the patch and a right side
or a left side target are not identical. For example in Condition
7, when the patch appears e.g. on 5, the false alarm can pertain
to a distance of 2 (target on 7 erroneously reported) as well as
to a distance of 9 (target on +7 erroneously reported). Effect sizes
are reported, for paired sample T-test Hedges g, for one sample T-
test Cohen’s d, and for F-test partial eta square (gp2). These proce-
dures were applied in Experiments 1 and 2.
In order to determine the critical distance in each condition, the
individual hit rate as a function of distance was analyzed and an in-
verted exponential ﬁt derived from
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was applied. As Fig. 2 exemplarily depicts for participant AE, the indi-
vidual critical distance was deﬁned as the distance, where the ﬁt
function reaches 90% of the a-value (a is the value to which the ﬁtFig. 2. (a–k) Participant AE. Hit rate as a function of distance in the conditions and an inv
two target positions (left and right side from ﬁxation point). The vertical dashed line mar
the value to which the functions asymptotes.function asymptotes). Fig. 3 depicts the mean hit rate in the condi-
tions (mean over participants), illustrating that detection perfor-
mance as a function of distance ﬁrst increases and then reaches an
asymptote. This was not the case in Condition 0. The mean goodness
of ﬁts of all participants in the conditions is summarized in Table 2.erted exponential ﬁt (solid line) derived from Eq. (1). Data were collapsed across the
ks the distance where the y-values of the ﬁt function reach 90% of the a-value. ‘a’ is
Fig. 3. (a–k) Averaged hit rate (over participants) as a function of distance per condition. Data were collapsed across the two target positions (left and right side from ﬁxation
point). Bars show standard errors. The gray ﬁeld marks the mean critical distance (over participants). The ﬁlled and unﬁlled diamonds show the hits with the patch towards to
(inward) and away from the fovea (outward) in those Conditions and patch positions that fulﬁlled the criteria.
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the respective condition by a one-way ANOVA on the factor Dis-
tance. The number of levels varies over the conditions, because
the realizable extension of distances is not equal, as mentioned
in the introduction paragraph of Experiment 1. Table 3 summarizes
the effects of Distance and the linear trend, the F-values, degrees of
freedom, and effect sizes (gp2). The signiﬁcant effects of Distanceand the signiﬁcant linear trend indicate that detection perfor-
mance increases with increasing distance in all conditions, except
in Condition 0 (foveal target position).
Subsequently, it was tested whether, the impairing inﬂuence of
the patch is restricted to a critical distance around the target and
diminishes with the patch outside of the critical distance. An in-
verted exponential ﬁt derived from Eq. (1) was applied on each
Table 3
Effects of Distance and linear trends in the Conditions, F-values, degrees of freedom
and effect sizes gp2.
Condition Effect of distance Linear trend
Df F gp2 Df F gp2
0 9, 63 1.23 n. s. .15 1, 7 .33 n.s. .14
1 10, 70 6.75*** .49 1, 7 15.82** .69
2 11, 77 5.37*** .43 1, 7 10.43* .60
3 12, 84 11.65*** .63 1, 7 17.71** .72
4 13, 91 11.5*** .62 1, 7 22.81** .77
5 14, 98 14.90*** .82 1, 7 32.04** .82
6 15, 105 15.50*** .67 1, 7 48.88*** .88
7 16, 112 16.4*** .70 1, 7 39.38*** .85
8 17, 119 15.25*** .69 1, 7 45.72*** .87
9 18, 126 17.82*** .72 1, 7 34.39** .83
* P < .05.
** P < .01.
*** P < .001 Fig. 4. Critical distance (degr. of vis. ang.) as a function of Condition (target
eccentricity) and linear ﬁt. Bars show standard errors.
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increasing distance and reaches then an asymptote. The ﬁttings
were conducted with the Ezyﬁt toolbox for Matlab (Moisy, 2009).
The individual critical distances by Participant AE are depicted
exemplarily in Fig. 2, and the mean critical distances (all participants)
are depicted in Fig. 3. The data show that performance ﬁrst increases
with increasingdistance,but thenreachesanasymptote, indicatingthat
the patch does not modulate target detection, when it appears outside
of the critical distance. The second aim of Experiment 1was to investi-
gate, whether the critical distances increase with target eccentricity.
Fig. 4 depicts the critical distances as a function of target eccentricity
(Condition), and a linear ﬁt. A one-way ANOVA on the factor Condition
(0–9, ten levels) with the dependent variable Critical distance reveals
a signiﬁcant main effect on Condition (F (9, 63) = 9.15; p < .001;
gp2 = .57). The linear trend was highly signiﬁcant (F (1, 7) = 56.03;
p < .001; gp2 = .89), indicating that the critical distance increases line-
arlyasa functionof targeteccentricity, asexpected. Fig.4 illustrates that
the critical distance is almost equal to eccentricity.2
The data show that the spatially remote patch impairs detection
and that the critical distances increase with target eccentricity.
This is contrasting to the crowding research assumption that
eccentricity-dependent critical distances do not occur in detection
tasks (e.g. Pelli, Palomares, & Majaj, 2004). In order to verify,
whether crowding occurs in this experiment, our data were
checked for the so-called ‘anisotropic masking’. Anisotropic mask-
ing is often called a ‘litmus test’ for crowding and refers to the phe-
nomenon that a masking structure impairs performance less
effectively, when positioned towards the fovea as compared to
away from the fovea (Petrov et al., 2007). Two data groups were
built in eight Conditions (1 until 8): the group ‘Towards’ com-
prised the hit rates with the patch positioned towards the fovea
(the foveal position included), and the group ‘Away’ comprised
the patch positions away from the fovea. Data were selected
according to the following criteria: patch position only at the
ipsi-lateral side of the target, the foveal position included; patch
not overlapping the target; identical distances towards and away
from the fovea. Note, that the amount of data points included var-
ies in the respective condition; e.g. only one patch position (dis-
tance 1) in Condition 8 and in Condition 1, but four patch
positions (distance 1 up to 4) in Condition 4 and 5 fulﬁll the cri-
teria. Condition 0 had to be excluded as well as Condition 9 (no
patch positions with identical distance towards and away from
the fovea). An ANOVA on the factors ‘Towards–away’ (two levels)
and ‘Condition’ (eight levels, Conditions 1 up to 8) revealed a sig-
niﬁcant mean effect on Towards-away (F (1, 7) = 16.13, p = .005,
gp = .70), indicating anisotropic masking. Planned post hoc com-2 We thank an anonymous reviewer for this helpful comment.parisons revealed this effect in Condition 1, 2, 3, 4, 5, and 6
(cf. Table 4). An inverse but not signiﬁcant effect was found in Con-
dition 7 and 8. Thus, crowding seems to occur in Experiment 1.
In sum, the patch modulates detection performance not only
when overlapping but also even when appearing several degrees
remote from the target. The modulating inﬂuence of the patch is
spatially limited to a critical distance. The critical distances in-
crease as a function of target eccentricity. This is taken as evidence
that the integration units on the saliency map increase with retinal
eccentricity. Finally, our data pattern shows an anisotropic mask-
ing, indicating that crowding occurs in this texture segmentation
task. The fact that we did not observe any critical distance on foveal
targets complies to similar observations in crowding experiments,
that crowding effects seem not to occur on foveal positions (e.g.
Levi, 2008), but see also the discussion of this point in Section 5.
With the texture used in Experiment 1 (orientation contrasts, cf.
Fig. 1), peripheral targets are easier and hence more quickly de-
tected than foveal targets (Central Performance Drop, Kehrer,
1987; cf. Gurnsey et al., 1996; Morikawa, 2000). Therefore shorter
presentation times were applied in conditions with peripheral tar-
gets as compared to conditions with central targets (cf. Table 2).
Presentation time might be critical to inhibition processes
(Mounts, 2000; Theeuwes & Chen, 2005). We cannot exclude that
the critical distances increasing as a function of eccentricity are
confounded in some way with presentation times that were
decreasing with eccentricity in this experiment. In order to rule
out effects of presentation duration and to extend the scope of
our ﬁndings, we decided to apply in Experiment 2 a stimulus tex-
ture with foveal detection advantage and peripheral disadvantage.3. Experiment 2
In this experiment, a ‘foveal’ stimulus texture was applied (cf.
Fig. 5a). It has been shown in the past that with this sort of texture,
targets are easier and more quickly detected at foveal as compared
to peripheral positions (Meinecke, 1989). As this experiment will
show, with a ‘foveal’ stimulus texture, presentation times are
shorter in conditions with foveal target positions and longer in
conditions with peripheral target positions. This is the reverse pat-
tern of presentation times as in Experiment 1 (cf. Table 2).3.1. Method
3.1.1. Participants
Eight participants (six female and two male) were paid to par-
ticipate or received course credit. They were 20–25 years old, mean
age was 22.6 years.
Table 4
Differential effects of the patch on positions toward the fovea (tow) and away from the fovea (away) in Conditions 1, 2, 3, 4, 5, 6, 7 and 8. Ms, SDs, ts, ps and effects sizes
(Cohen’s d).
Condition M (tow) SD (tow) M (away) SD (away) t(7) p (one-tailed) d
1 62.19 9.58 55.94 15.70 1.57 .08t .39
2 61.56 11.10 51.41 11.60 2.13 .04* .89
3 68.13 14.36 53.13 8.93 4.91 .00** 1.25
4 56.40 11.59 45.00 5.06 2.51 .02* 1.27
5 51.64 9.98 43.59 13.73 2.22 .03* .67
6 46.67 12.48 40.94 12.48 2.00 .04* .46
7 37.03 12.12 38.44 14.09 .85 .21 .11
8 31.25 16.79 32.81 18.44 .55 .30 .09
tp < .1.
* p < .05.
** p < .01.
Fig. 5. (a) Stimulus texture with target. (b) Mask texture with irrelevant patch. (a and b) The number of elements has been reduced for better visualization of the texture
structure. For the same purpose the luminance contrast in this ﬁgure has been increased compared to the original stimuli.
Table 5
SOAs (ms) between stimulus and mask. Means and SDs in
each condition.
Condition M SD
0 22.1 11.7
1 22.1 7.5
2 22.1 7.5
3 27.9 10.8
4 32.4 13.7
5 45.6 14.7
6 45.6 16.0
7 54.4 20.8
8 63.2 25.1
9 70.6 27.4
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The elements of the stimulus and of the mask texture were
adapted from Meinecke (1989; cf. Fig. 5). Context elements of
the stimulus were circles (9 pixels in diameter) with a horizontal
line in the middle (9  1 pixels), and the elements of the target
were unﬁlled squares (9  9 pixels). A jitter of two randomly dis-
placed the position of each texture element by zero, one, or two
pixels (in horizontal and/or vertical direction). The context ele-
ments of the mask were %-like ﬁgures, and the patch elements of
the mask were %-ﬁgures too, but rotated by 45 (Fig. 5). The struc-
ture of both, the stimuli texture and the mask texture were identi-
cal to those in Experiment 1. The pixel luminance of the rotated %-
ﬁgures was increased to 3.3 cd/m2 thus adjusting the impression of
darkness of the irrelevant patch to that of the context elements, as
in Experiment 1.3.1.3. Procedure
The procedure of Experiment 2 was identical to that of Experi-
ment 1. The presentation duration (cf. Table 5) was adjusted to the
individual skills and to the requirements of the respective condi-
tion as in Experiment 1.3.2. Results and discussion
The data in Experiment 2 were analyzed analogously to those in
Experiment 1. Fig. 6 exemplarily depicts the hit rates as a function
of distance by participant TG, an inverted exponential ﬁt on these
graphs derived from the Eq. (1), and his individual critical distance.
The mean goodness of ﬁts for all participants in the conditions is
summarized in Table 6. Fig. 7 depicts the mean hit rate in the con-
ditions (mean all participants), illustrating that detection perfor-
mance increases as a function of distance and then reaches an
asymptote (except with the foveal target in Condition 0).As in Experiment 1 an ANOVA on the factor Distance (ten levels,
distances from 0 up to 9) was conducted in each condition. Table 7
summarizes the effects of Distance and the linear trends, the F-val-
ues, degrees of freedom, and effect sizes (gp2). The number of levels
of the factor Distance varies over the conditions, as in Experiment 1
(see the Introduction section of Section 2). Table 7 shows that the
hit rate signiﬁcantly varies as a function of distance in Conditions
1–9. The signiﬁcant linear contrasts indicate that performance in-
creases with increasing distance, except in Condition 0.
Next, as in Experiment 1, it was tested whether critical dis-
tances exist around the target. Fig. 7 depicts the mean hits in the
conditions as a function of distance, illustrating that performance
increases ﬁrst with distance and then reaches an asymptote. How-
ever, in some conditions unlike as in Experiment 1, the hit function
shows discontinuities. These discontinuities are also reﬂected by
the weaker goodness of ﬁt values in this Experiment (cf. Table 6)
as compared to Experiment 1 (cf. Table 2) and will be discussed be-
low and in Section 5.
Subsequently, it was tested, whether the critical distances in-
crease with target eccentricity. Fig. 8 depicts the mean critical
Fig. 6. (a–k) Participant TG. Hit rate as a function of distance in the conditions with an inverted exponential ﬁt (solid line) derived from Eq. (1). Data were collapsed across the
two target positions (left and right side from ﬁxation point). The vertical dashed line marks the distance where the y-values of the ﬁt function reach 90% of the a-value. ‘a’ is
the value to which the functions asymptotes.
8 U. Schade, C. Meinecke / Vision Research 51 (2011) 1–12distance as a function of condition (target eccentricity). The critical
distances increase slightly with retinal eccentricity, but to a less
degree than in Experiment 1.As in Experiment 1 it was tested whether the patch exhibits an
anisotropic masking effect. Data were selected according to the
identical criteria as in Experiment 1. An ANOVA on the factors To-
Table 6
Goodness of ﬁt (R2, averaged over par-
ticipants) of the inverted exponential ﬁt
derived from Eq. (1) applied on the hit
rate as a function of distance.
Condition R2
0 .01
1 .53
2 .21
3 .53
4 .46
5 .54
6 .52
7 .50
8 .47
9 .29
U. Schade, C. Meinecke / Vision Research 51 (2011) 1–12 9wards-away (two levels) and Condition (eight levels, Conditions 1
up to 8) revealed a signiﬁcant effect on the factor Towards-away
(F (1, 7) = 9.8, p = .016, gp2 = .58), indicating anisotropic masking.
Planned comparisons show that this effect reaches the level of a
statistical trend (p < .10) in Conditions 5, and 8 and of signiﬁ-
cance (p < .05) in Condition 1, 3, 4, and 6 (cf. Table 8).
In sum, parallel to Experiment 1, the patch modulates target
detection not only when overlapping with the target, but also
when it appears spatially remote. This modulating inﬂuence is lim-
ited to a critical distance, but its inﬂuence also shows some unex-
pected discontinuities. The critical distance increases with
eccentricity, but with a ﬂatter slope than in Experiment 1. The
patch produces an anisotropic masking effect as in Experiment 1.
No signiﬁcant critical distance could be observed in the foveal con-
dition, as in Experiment 1. Thus, crowding seems to occur in this
experiment, as in Experiment 1.
The visual examination of the hits as a function of distance
(Fig. 7) shows that in several conditions (i.e. target eccentricities)
the patch impairs detection, even when it appears 10 or more re-
mote from the target. This becomes obvious e.g. in Condition 4
(distance 10 and 11), Condition 5 (distance 10 and 11), and
Condition 9 (distance 10, 14 and 15). In these conditions the
patch unexpectedly impaired detection although it appeared out-
side the critical distance (as it was deﬁned in the Result paragraph
of Experiment 1). We consider as a possible explanation for these
inconsistencies that the critical distance is determined not only
by the target eccentricity, but also by the strength of the patch
saliency. In other words, around a given target, a highly salient
patch may produce a larger critical distance than a less salient
patch. Although all other parameters of the patch remained con-
stant, the strength of patch saliency probably varied as a function
of its retinal position. According to the CPD-account (e.g. Kehrer,
1987), the detection of an orientation-difference is weak on foveal
positions and peaks somewhere in the periphery. The range and
the shape of detection as a function of eccentricity vary, depending
on the sort of the texture applied (Meinecke, 1989). As a possible
explanation for the unexpected drops we propose that the patch
saliency is higher at a position of about ±6 compared to other
positions. For example in Condition 4, target detection drops with
a distance of 10. This distance results from a patch position at 6
contralateral to the target. In order to investigate the eccentricity-
dependent saliency of the patch in Experiments 1 and 2, we
decided post hoc to carry out two additional experiments.4. Experiments 3 and 4
Experiments 3 and 4 explore the patch saliency as a function of
its eccentricity. The mask textures of Experiments 1 and 2 were ap-plied as stimuli, with the patch to be detected. It should be ex-
plored whether the patch saliency in Experiments 1 and 2 varies
as a function of eccentricity according to the CDP account (Kehrer,
1987). As in both experiments the patch is to be detected by orien-
tation contrasts, foveal detection should be weak, and detection
should increase with eccentricity. In Experiment 3 the mask from
Experiment 1, and in Experiment 4 the mask from Experiment 2
was applied as stimulus. As in Experiments 1 and 2, the patch po-
sition varied randomly between 9 and +9.
4.1. Method
4.1.1. Participants
In Experiment 3 four female students were paid to participate
or received course credit. Ages were 22–25 years and mean age
was 23 years. In Experiment 4, four students were paid to partici-
pate or received course credit. Ages were 22–25 years and mean
age was 21.5 years.
4.1.2. Apparatus
The apparatus was identical to that in Experiments 1 and 2.
4.1.3. Stimuli
The stimuli in Experiments 3 and 4 were identical to the masks
in Experiments 1 and 2, respectively. Accordingly, patch positions
in the stimulus varied on 19 eccentricities along the horizontal
meridian (from 0, up to ±9 in 1-steps). All other parameters were
as those of the masks in Experiment 1 and 2. The mask-elements in
Experiment 3 and 4 were constructed by super-imposing the con-
text and target elements of the stimulus textures.
4.1.4. Procedure
One practice session and two experimental sessions were
administered, each lasting approximately 50 min. The training data
were not analyzed further. Nineteen patch positions (from 9 up
to +9, in 1-steps) were realized randomly. In each of the experi-
mental sessions, ﬁve blocks were applied comprising 76 trials each,
50% of all trials containing a patch. The course of the practice ses-
sion and of the experimental sessions were identical to those in
Experiments 1 and 2.
4.2. Results and discussion
Fig. 9 depicts the hit rate as a function of patch eccentricity in
Experiment 3 (Fig. 9a) and Experiment 4 (Fig. 9b), exhibiting the
typical CPD-shape (Kehrer, 1987). In Experiment 3 detection is
high with patch positions between ±2 and ±7 and has no pro-
nounced peak. Here, the hit rate varies more pronouncedly with
patch eccentricity. In Experiment 4 detection is very low with
the patch at 0 and peaks with the patch at ±6. The pronounced
peak of detection in Experiment 4 indicates that the patch is most
salient at this position. Thus, the relatively higher patch saliency on
6 of eccentricity compared to the rest of positions may explain the
unexpected drops of performance as a function of distance in
Experiment 2.
5. Discussion
The present texture segmentation study investigated the spatial
structure on the saliency map (Itti & Koch, 2000). It was assumed
that the processing units on the saliency map are grained in an
inhomogeneous manner, perhaps according to a sunﬂower-heart
structure (Koenderink & van Doorn, 1978). A texture gradient (tar-
get) in the stimulus was to be detected. In the mask texture, a task-
irrelevant texture gradient (patch) was inserted. The distance be-
Fig. 7. (a–k) Averaged hit rate as a function of distance per condition. Data were collapsed across the two target positions (left and right side from ﬁxation point). Bars show
standard errors. The gray ﬁeld marks the averaged critical distance (over participants). The ﬁlled and unﬁlled diamonds show the hits with the patch towards to (inward) and
away from the fovea (outward) in those Conditions and patch positions that fulﬁlled the criteria.
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cally in 1 steps.
Critical spatial distances of interaction were observed around
the target, providing evidence for the assumption by Itti and Koch
(2000) that competition between signals occurs already on the le-
vel of saliency processing.
The critical distances increased with target eccentricity. This ﬁts to
Meinecke’s (1989) assumption that the processing units relevant for
texture segmentation increase with retinal eccentricity (e. g. accord-
ingly to the sunﬂower-heart model, Koenderink & van Doorn, 1978).
Around foveal targets, however, no critical distances were ob-
served. One explanation could be that the foveal processingunits on the saliency map are spatially too small relative to
the spatial extension of the saliency signals. The signal from a
foveal target may completely occupy the corresponding process-
ing units. In this case, competition between the two signals can
only occur, when the target and patch are overlapping. On the
other hand, competition between saliency signals may generally
not occur in the fovea as similar observations in the crowding
research suggest (e.g. Levi, 2008). Future studies may determine
whether foveal interactions occur between a (spatially) very
small target and a very small patch.
In Experiment 2 the critical distances did not increase as stea-
dily as in Experiment 1. In Experiment 2 the patch sometimes im-
Table 7
Effects of Distance and linear trends, F-values, degrees of freedom, and effect sizes
(gp2) in the conditions.
Condition Effect of distance Linear trend
Df F gp2 Df F gp2
0 9, 63 1.61 n.s. .19 1, 7 1.64 n.s. .19
1 10, 70 7.56 .52 1, 7 6.69 .49
2 11, 77 4.09 .37 1, 7 6.66 .49
3 12, 84 7.26 .51 1, 7 7.55 .52
4 13, 91 11.96 .63 1, 7 20.84 .75
5 14, 98 10.09 .59 1, 7 27.92 .80
6 15, 105 9.28 .57 1, 7 15.92 .70
7 16, 112 8.67 .55 1, 7 28.34 .80
8 17, 119 6.73 .49 1, 7 8.42 .55
9 18, 126 5.23 .43 1, 7 9.45 .57
Fig. 8. Critical distance (over participants) as a function of target eccentricity, and
linear ﬁt to this function. Bars show standard errors.
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the target, thus modulating the critical area of impairment in an
unexpected manner. We consider as an explanation that the spatial
area of patch inﬂuence varies not only with target eccentricity,
but is also inﬂuenced by the strength of patch saliency. The sal-
iency of the patch applied in Experiments 1 and 2 varies as a func-
tion of retinal eccentricity, as Experiments 3 and 4 show. The peak
of patch saliency strength applied in Experiment 2 is more pro-
nounced (see Section 4) as compared to that in Experiment 1
(see Section 4).
As an alternative or additional explanation for the differences
between Experiments 1 and 2 we consider unexpected interactions
due to the different types of stimulus textures applied in Experi-
ments 1 and 2. In Experiment 1 the target as well as the patch wereTable 8
Differential effects of the patch on positions toward the fovea (tow) and away from the fo
Condition M (tow) SD (tow) M (away)
1 66.88 17.26 56.25
2 64.06 17.83 61.87
3 54.69 16.32 42.19
4 54.77 16.03 48.59
5 64.14 13.99 55.55
6 54.48 12.93 42.19
7 46.88 10.67 41.72
8 44.38 15.74 32.81
t p < .10; p < .05.
Fig. 9. (a) Experiment 3; (b) Experiment 4: Detection (hit rate) as a function of eccentri
standard errors.constituted by orientation contrasts (cf. Fig 1). In Experiment 2 the
target did not consist of an orientation contrast, but the patch did.
Itti and Koch (2000) propose that each feature-contrast is com-
puted on a separate feature map. Two saliency signals from differ-
ent feature-contrasts (Experiment 2) may interact differently from
two signals on the identical feature map (Experiment 1; cf.
Zehetleitner, Müller, & Krummenacher, 2008). Future experiments
holding feature-contrast constant and varying systematically the
strength of patch saliency may investigate whether and how these
factors modulate the critical distance of a target.vea (away) in the conditions; Ms, SDs, ts, ps, and effects sizes (Cohen’s d).
SD (away) t(7) p (one-tailed) d
15.41 2.01 .04* .65
17.33 .78 .10 .12
13.15 3.40 .02 .84
9.43 1.66 .03 .47
11.08 2.31 .07t .68
11.54 2.37 .01 1.00
12.26 1.39 .23 .45
13.59 1.60 .07t .79
city. Data of the left and the right side of the visual ﬁeld were collapsed. Bars show
12 U. Schade, C. Meinecke / Vision Research 51 (2011) 1–12The observed critical distances increasing with eccentricity
raise the question whether crowding can occur in detection in tex-
ture segmentation tasks. In the crowding literature it is assumed
that crowding effects usually do not occur in detection tasks (e.g.
Levi, 2008; Pelli et al., 2004). Our data, however, exhibit a so-called
‘anisotropic masking’ that has been called the ‘litmus test’ for
crowding (Petrov et al. 2007); the patch towards the fovea impairs
detection to less extent than the patch away from the fovea. Thus
we conclude that crowding can occur in detection tasks, as far as
texture segmentation is concerned. Interestingly, however, the
present results are not consistent with two central claims of
crowding research. Firstly, in Experiment 1, the critical distances
are almost equal to eccentricity, whereas crowding studies typi-
cally report ratios of .05 or less (e.g. Bouma, 1970). Secondly, in
Experiment 2, this ratio is not a constant fraction of eccentricity.
Thus our results contradict the common position that the extent
of crowding is the same across conditions (Pelli et al., 2004; see
also footnote 2).
We cannot decide at this point whether the eccentricity-depen-
dent critical distances can be retraced to center-surround suppres-
sion (synonymous with ‘non-classical receptive ﬁelds’). Dakin, Bex,
Cass, and Watt (2009) consider that crowding effects may arise al-
ready on an early cortical locus (V1). We know from single-cell
studies on primates that lateral inhibition on V1 can extend over
several degrees (Nothdurft, Gallant, & Van Essen, 1999). Xing and
Heeger (2000) report that surround suppression activities are
much stronger in the periphery than in the fovea. It seems plausi-
ble that on the visual cortex not only the size of classical RFs, but
also the size of the non-classical RFs increases with retinal
eccentricity.
In sum, two saliency signals interact when they appear within a
critical distance around the target, the critical distances increasing
with target eccentricity. This corroborates our assumption that the
saliency map has an inhomogeneous graining, perhaps analogously
to the sunﬂower-heart model (Koenderink & van Doorn, 1978).
Crowding-like effects can occur in detection tasks as this texture
segmentation study shows.
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